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(54) Method of forming v-shaped grooves In a substrate 



(57^ A method for forming v-shaped 223, 221 
grooves in a substrate such as a channel plate is dis- 



closed. A mask of silicon nitride 215 formed by a thermal 
nitridatton process protects the substrate 11 during KOH 
etching. 
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Description 

Technical Field 

This invention relates to methods for wafer process- 
ing. 

Background of the Invention 

Many modem inkjet printers utilize a module such 
as that represented by reference numeral 21 in Fig. 1. 
Module 21 comprises two substrates denoted by refer- 
ence numerals 11 and 19. Illustratively, substrates 11 
and 19 are formed from single crystal silicon. Substrate 
1 1 , often termed the "channel plate" contains plurality of 
V-shaped grooves, two of which are denoted by refer- 
ence numerals 13 and 15. In addition, substrate 11 also 
contains a plurality of channels, one of which is denoted 
by reference numeral 17, Channels 17 (which may have 
sloping sides) extend completely through wafer 11 . 

Substrate 19 contains a plurality of heating ele- 
ments, two of which are denoted by reference numerals 
21 and 23. Substrate 19 is termed "heater plate." (Illus- 
tratively heating elements 21 and 23 may comprise an 
upper layer of metal such as, tantalum overlying a layer 
of silicon nitride and a layer of polysilicon. The polysili- 
con is heated by the passage of current, thereby causing 
heating of the upper layer of metal). Heating elements 
21 and 23 are surrounded and partially covered by an 
insulating layer 24, typically polyimide. Insulator 24 de- 
fines small cavities 25 and 26 above heating elements 
21 and 23 respectively. Substrates 11 and 1 9 are mated 
together. V-groove 15 together with small cavity 25, to- 
gether thereby define a passageway for ink. Similarly 
v-groove 1 3, together with cavity 26 also thereby defines 
another passageway for ink. Energization of heating el- 
ements 21 and 23 causes heating of the ink. thereby 
causing the ink to flow. Channel 1 7 extends through sub- 
strate 1 1 , thereby providing a conduit for an ink resen/oir 
(not shown) and also provides a connection to v- 
grooves 15 and 13 (although not explicitly shown in the 
figure). 

Methods for forming v-grooves and channels In sil- 
icon substrates will now be discussed. In Fig. 2, refer- 
ence numeral 111 denotes a substrate which may be 
silicon, doped silicon, epitaxial silicon, etc. Reference 
numeral 131 denotes a patterned oxide, typically, a ther- 
mal oxide. Reference numeral 132 denotes a blanket 
layer of silicon nitride typically formed by a plasma en- 
hanced CVD (chemical vapor deposition) process, or a 
low pressure CVD process. Nitride layer 132 is pat- 
terned to produce opening 133. An etching process, typ- 
ically, a KOH etching process is performed to create 
channel 117. 

Next, tuming to Fig. 3; nitride layer 132 is stripped 
and wafer 111 is subjected to a second chemical etch in 
KOH. The KOH etch tends to produce v-shaped grooves 
(because, as is known to those skilled in the art. the KOH 



etchant tends to attack silicon planes with a [1 00] orien- 
tation, and stop on planes with a [1 1 1 ] orientation). How- 
ever, as illustrated more particularly in the enlargement 
A in Fig. 4, the KOH etchant tends to also attack pat- 

s terned oxide 131. Consequently, the initially defined 
edge, 134, of oxide 1 31 is etched back to a subsequent 
position denoted by reference numeral 135. Conse- 
quently, the initially-defined v-groove 1151 becomes 
larger, as denoted by reference numeral 1152. 

10 Those concern ed with the development of v-groove 
etching in general, and the effective fabrication of chan- 
nel plates have sought Improved methods for etching 
process control. 

IS Summary of the Invention 

The above-mentioned concerns are addressed by 
the present invention which iiluetratlvely includes: 

forming a layer of silicon nitrfcJe by a thermal nitri- 
dation process upon a silicon substrate; 
patterning said layer of silicon nitride to expose por- 
tions of the substrate; and 
etching the exposed portions of the substrate to pro- 
duce at least one v-shaped groove. 

Brief Description of the Drawings 

Figs, 1-9 are cross sectional views useful in under- 
standing an illustrative embodiment of the present in- 
vention. 

Detailed Description 

In Fig. 5, reference numeral 11 denotes a substrate 
which is typically, silicon, epitaxial silicon, or doped sili- 
con. Typically, 11 is a portion of a wafer similar to wafers 
used to fabricate integrated circuits. Reference numeral 
141 denotes a patterned silicon nitride layer Layer 141 
is formed by a thermal nitridation process. In the thermal 
nitrldation process, wafer 11 is exposed to an ammonia 
ambient, alternatively, a nitrogen ambient, (or a combi- 
nation of both ammonia and nitrogen) at a temperature 
between 900"C and 1200®C at atmospheric pressure. 
The thermal nitridation process produces a layer of sil- 
icon nitride which is in direct and intimate contact silicon 
substrate 11, i.e., there is no intermediate layer of oxide 
between layer 141 and substrate 11. Other processes 
for forming silicon nitride, such as plasma enhanced 
chemical wafer deposition (PECVD) or low pressure 
chemteal vapor deposition (LPCVD) are not as suitable 
for forming silicon nitride layer 141 because the pres- 
ence of residual oxygen in the reaction chamber permits 
the formation of an intermediate, but thin, layer of oxide 
between layer 141 and substrate 11. However, the ther- 
mal nitridation process described above displaces oxy- 
gen which may be present at the interface between layer 
141 and substrate 1 1 . Thus the thermal nitridation proc- 
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ess may be performed on wafers which may have a pre- 
existing oxide layer. 

Since the thermal nltridation process prevents for- 
mation of an intermediate oxide layer, and since silicon 
nitride layer 141 is resistant to attack by the KOH etch- 
ant, the dimensional stability problems discussed In 
connection with Figs. 3 and 4 are solved. Consequently, 
after formation of patterned silicon nitride layer 141, sub- 
strate 11 may be exposed to a KOH etchant and v- 
shaped grooves 15 and 13 may be formed simultane- 
ously with the formation of channel 1 7. Formation of a 
channel 17 which extends through substrate 11 is ac- 
complished by controlling the spacing, d, between por- 
tions of patterned silicon nitride layer 141 . If spacing, d, 
is wide enough, the KOH etchant will etch completely 
through substrate 11, producing tapered channel 17. 
The spacing between silicon nitride layer 141 above the 
v-grooves 15 and 13, is, of course, smaller than dimen- 
sion d. 

Illustratively, the thickness of the wafer may be ap- 
proximately 20 mils or SOOjam. The thickness of nitride 
layer 141 nnay be 50A. The width, w, of atypical v-groove 
15,13 may be 25-60^m. 

An alternative embodiment of the present invention 
Is depicted in Figs. 6-9. In Fig. 6. reference numeral 11 
denotes a silicon substrate, similar to substrate as de- 
scribed. Reference numeral 21 3 denotes a silicon diox- 
ide layer, having a thickness of approximately 7500A. 
Layer 213 is formed by oxidation of substrate 11 in an 
atmosphere of oxygen and hydrochloric acid or an at- 
mosphere of steam at approximately 1 050** C. The pres- 
ence of oxide layer 213 tends to seal the edges of the 
wafer. 

Turning to Fig. 7, a thermal nitridation process is 
performed by exposing substrate 11 to a mixture of 20% 
NH3 and 80% at 1100'C and atmospheric pressure. 
The thermal nitridation process produces a layer of sil- 
icon nitride 215 £>efiveen silicon dioxide layer 213 and 
substrate 11. The previously-formed silicon dioxkje lay- 
er 213 is displaced by the newly-formed silicon nitride 
layer 215. 

Finally, turning to Fig. 8, an overlying layer 217 of 
either LPCVD silicon nitride or polysilicon is formed for 
scratch protection. 

Next, in Fig. 9. layers 217, 213, and 215 are pat- 
terned (by deposition of a photoresist, exposure of the 
photoresist, removal of the unwanted portions of the 
photoresist, a plasma etch, and stripping of the resist). 
Then a KOH etch is performed for 3.5 hours at 95'C to 
form channel 219 and v-grooves 223 and 221. Finally, 
layers 21 7, 21 3, and 21 5 are removed in a 1 : 1 HF- H2O 
acid bath. 

The inventive process Is illustratively practiced with 
semiconductor wafers, such as those used for integrat- 
ed circuit manufacture. A plurality of channel plates are 
formed upon a single wafer. Then the wafer is sawed, 
and individual channel plates are obtained for eventual 
combination with heater plates. 



The present process may also find use in the for- 
mation of v-grooves or trenches which may be utilized 
for semiconductor device isolation in the formation of in- 
tegrated circuits. (The v-groove may be formed as pre- 
s viously described. Then the groove may be filled with 
LPCVD oxide which is formed, for example from TEOS. 
Alternatively, the groove may be subjected to an oxidiz- 
ing ambient to grow an oxide within the v-groove.) 
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Claims 

1. A method of wafer processing comprising: 

forming a layer of silicon nitride 141 by a ther- 
mal nitridation process upon a silicon substrate 
11; 

patterning said layer of silicon nitride 141 to ex- 
pose portions of said substrate 1 1 ; and 
etching said exposed portions of said substrate 
to produce at least one v-shaped groove. 

2. The method of claim 1 in which said etching process 
etches through said substrate. 

3. The method of claim 1 in which said etching process 
is performed in KOH. 

4. The method of claim 1 in which said thermal nitri- 
dation process comprises: exposing said substrate 
to at least one of a gas chosen from the group con- 
sisting of NH 3 and N2 at atmospheric pressure at a 
temperature between 900**C and 1200**C. 

5. The method of claim 1 in which a layer of silicon 
dioxide 21 3 Is fomned prior to said forming of a layer 
of silicon nitride 215. 

6. A method of fonming a channel plate comprising: 

forming a layer of silicon dioxide 213 upon a 
silicon wafer by exposing said wafer 11 to an 
atmosphere of oxygen and hydrochloric acid at 
a temperature of approximately 1050°C; 
forming a layer of silicon nitride 215 between 
said layer of silicon dioxide 21 3 and said silicon 
wafer 11 by a thermal nitridation process which 
Includes exposing said wafer to an atmosphere 
of 20% NH 3 and 80% of N2 at approximately 
1100°C and atmospheric pressure; 
forming a material layer 217 over said layer of 
silicon dioxide, said material being chosen from 
the group consisting of silicon nitride and poly- 
sllteon; 

patteming said material layer 217 and said lay- 
er of silicon dioxide 21 3 and said layer of silicon 
nitride 215; 

exposing said wafer 11 to KOH to form two or 
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(54) Reduced spray Inkjet printhead orifice 

(57^ A printhead having reduced spray includes orifi 
from which ink is expelled by an ink ejector (201. 207). 
The orifi employ an aperture (1001) at the outer surface 
of the orifice plate having two orthogonal dimensions 
(Bh, b^) with one dimension having a greater magnitude 
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than the other. The aperture is further defined by two 
non-intersecting edges spaced apart at one point by a 
distance of the smaller of the two dimensions and 
spaced apart at all other points by a distance greater 
than the smaller dimension such that the orifi are hour- 
glass shaped. 
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Description 

This patent is a continuation-in-part of U.S. Patent 
App'>ation No. 08/547,885,"Non-Circular Printhead Or- 
ifice", filed on belialf of Weber on October 25, 1 995 and s 
assigned to the assignee of the present invention. 

Background of the invention 

The present invention is generally related to an io 
Inkjet printer printhead having an innproved orifice de- 
sign and is more particularly related to a printhead orifice 
design having an opening with characteristics producing 
reduced ink spray. 

An Inkjet printer forms characters and Images on a 
medium, such as paper, by expeliing droplets of ink in 
a controlled fashion so that the droplets iand in desired 
locatbns on the medium. In its simplest form, such a 
printer can be conceptualized as a mechanism for mov- 
ing and placing the medium in a position such that the 
ink droplets can be placed on the medium, a printing 
cartridge which controls the flow of ink and expels drop- 
lets of ink to the medium, and appropriate control hard- 
ware and software. A conventional print cartridge for an 
Inkjet printer comprises an ink containment section, 
which stores and supplies ink as needed, and a print- 
head, which heats and expels the ink droplets as direct- 
ed by the printer control software. Typically, the print- 
head is a laminate structure including a semiconductor 
base, a barrier material structure which is honeycombed 
with ink flow channels, and an orifice plate which is per- 
forated with small holes or orifices arranged in a pattem 
which allows ink droplets to be expelled. 

In one variety of inkjet printer the expulsion mech- 
anism consists of a plurality of heater resistors formed 
in the semiconductor substrate which are each associ- 
ated with one of a plurality of ink firing chambers formed 
in the barrier layer and one orifice of a plurality of orifi in 
the orifice plate. Each of the heater resistors is connect- 
ed to the controlling software of the printer such that 
each of the resistors may be independently energized 
to quickly vaporize a portion of ink into a bubble which 
subsequently expels a droplet of ink from an orifice. Ink 
flows into the firing chamber formed in the barrier layer 
around each heater resistor and awaits energization of 
the heater resistor. Following ejection of the ink droplet 
and collapse of the ink bubble, ink refills the firing cham- 
ber to the point where a meniscus is formed across the 
orifice. The form and constrictions in barrier layer chan- 
nels through which Ink flows to refill the firing chamber 
establish both the speed at which ink refills the firing 
chamber and the dynamics of the Ink meniscus. Further 
details of printer, print cartridge, and printhead construc- 
tion may be found in the Hewlett-Packard Journal, Vol. 
36. No. 5. May 1985. and in the Hewlett-Packard Jour- 
nal. Vol. 46. No. 1 . February 1994. 

One of the problems faced by desl^ers of print car- 
tridges is that of maintaining a high print quality while 



achieving a high rate of printing speed. When a droplet 
Is expelled from an orifice due to the rapid boiling of the 
ink inside the firing chamber, most of the mass of the 
ejected ink is concentrated in the droplet which Is direct- 
ed toward the medium. However, a small portion of the 
expelled ink resides in a tail extending from the droplet 
to the surface opening of the orifice. The velocity of the 
ink found in the tail is generally less than the velocity of 
the ink found in the droplet so that at some time during 
the trajectory of the droplet, much of the tail is severed 
from the droplet. Some of the ink in the severed tail re- 
joins the expelled droplet or remains as a distortion of 
the droplet to create rough edges on the printed mate- 
rial. Some of the expelled ink in the tail returns to the 
printhead, forming puddles on the surface of the orifice 
plate of the printhead. Some of the ink in the severed 
tail forms subdroplets ("spray') which travel and spread 
randomly in the general direction of the ink droplet. This 
spray often lands on the medium to produce a back- 
ground of ink haze. 

To reduce the detrimental results of spray, others 
have reduced the speed of the printing operation but 
have suffered a reduclton in the number of pages which 
a printer can print in a given amount of time. The spray 
problem has also been addressed by optimizing the ar- 
chitecture or geometry of the ink firing chamber and the 
associated ink feed conduits In the barrier layer. Orifice 
geometries also affect spray, see U.S. Patent Applica- 
tion No. 08/608,923, ■Asymmetric Printhead Orifice" 
filed on behalf of Weber et al. on February 29. 1996. 

One conventional method of fabricating an orifice 
plate utilizes an electroless plating technique on a pre- 
fabricated mandrel. Such a mandrel is illustrated in FIG. 
1 (which is not drawn to scale), in which a substrate 101 
has at least one flat surface constructed of silicon or 
glass. Disposed on the flat surface of the substrate 101 
is a conducting layer 103, generally a film of chromium 
or stainless steel. A vacuum deposition process, such 
as the planar magnetron process, may be used to de- 
posit this conductive film 103. Another vacuum deposi- 
tion process may be used to deposit a dielectric layer 
105, which typically is silicon nitride, and is deposed by 
a vacuum deposition process such as a plasma en- 
hanced chemical vapor deposition process. Dielectric 
layer 105 is desirably very thin, typically having a thick- 
ness of approximately 0.30^m. Dielectric layer 105 is 
masked with a photoresist mask, exposed to UV light, 
and introduced into a plasma etching process which re- 
moves most of the dielectrb layer except for "buttons" 
of dielectric material in preselected positions on the con- 
ductive layer 103. Of course, these positions are prede- 
termined to be the location of each orifice of the orifice 
plate which is to be created atop the mandrel. 

This reusable mandrel is placed into an electrofor- 
ming bath in which the conducting layer 103 is estab- 
lished as a cathode while a base material, typically nick- 
el, is established as the anode. During the electroform- 
ing process, nickel metal is transferred from the anode 
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to the cathode and the nickel (shown as layer 107) at- 
taches to the conductive areas of the conductive layer 
103. Since the niclcel metal plates uniformly from each 
conductive plate of the mandrel, once the surface of the 
dielectric button 105 is reached, the nickel overplates 5 
the dielectric layer in a uniform and predictable pattern. 
The parameters of the plating process, including the 
time of plating, are carefully controlled so that the open- 
ing of the nickel layer 107 formed over the dielectric lay- 
er button 105 ts a predetermined diameter (typically io 
about 45^m) at the dielectric surface. This diameter is 
usually one third to one fifth the diameter of the dielectric 
layer button 1 05 thereby resulting in the top layer of the 
nickel 107 having an opening at the inner surface of the 
orifice plate of diameter d2 which is approximately three is 
to five times the diameter of d1 of the opening which will 
be the orifice aperture at the extemal surface of the or- 
ifice plate. At the completion of the electrotess plating 
process, the newly formed orifice plate is removed from 
the mandrel and gold plated for corrosion resistance of 20 
the orifice. Additional description of metal orifice plate 
fabrication may be found in US Patent fslos. 4,773,971; 
5, 1 67,776: 5.443.71 3; and 5.560.837. each assigned to 
the assignee of the present invention. 

While many of the foregoing references have result- 2S 
ed in commercially successful production and products, 
reduced spacing between each individual orifice is be- 
ing required to produce higher quality printed images 
from the printer in which the printhead and its associated 
orifice plate are empbyed. Due to this closer spacing of 30 
orifi, the inside diameter d2 of one orifice bore will over- 
lap the inside diameter d2 of an adjacent orifice. This 
overlap or interference is aggravated when non-circular 
orifi are used in the orifice plate and oriented with the 
long axis in the same direction as the row of firing resis- 35 
tors. Accordingly, a solution to this problem which pre- 
vents tighter packing of non-circular orifi will result in 
higher resolution printing, reduced spray associated 
with ink droplets, and improved ink droplet trajectory. 

40 

Summary of the Inventfon 

The present invention encompasses a printhead for 
an Inkjet printer which utilizes an ink ejector to expel ink 
from orifi in an orifice plate. The orifice plate has at least 
one orifice extending through the orifice plate from a first 
surface of the orifice plate opposite the ink ejector to a 
second surface of the orifice plate essentially parallel 
the first surface. The orifice includes an aperture at the 
second surface with a first lineal dimension parallel to so 
the second surface and a second lineal dimension par- 
allel to the second surface and perpendicular to the first 
lineal dimension. Further, the first lineal dimension has 
a greater magnitude than the second lineal dimenelon. 
The aperture of the orifice at the second surface is de- s$ 
fined by at least two non-intersecting edges of the sec- 
ond surface which are spaced apart at one point by a 
distance of the second dimension and spaced apart at 



all other points by a distance greater than the second 
dimension. 

Brief Description of the Drawings 

FIG. 1 is a cross section of an orifice plate forming 
mandrel and an orifice plate formed on the mandrel. 

FIG. 2 is a cross sectional view of a conventional 
printhead showing one ink firing chamber. 

FIG. 3 is a plan view of the outer surface of the or- 
ifice plate of a conventional printhead. 

FIG. 4 is a cross sectional view of a conventional 
printhead illustrating the expulsion of an ink droplet. 

FIG. 5 is a theoretical model of the droplet-menis- 
cus system which may be useful in understanding the 
perfomnance of the present invention. 

FIG. 6 is a reproduction of the detrimental effects of 
spray and elongated droplet tail upon a printed medium. 

FIGs. 7A and 7B are plan views from the external 
surface of the orifice plate showing orifice surface aper- 
tures. 

FIG. 8 is a plan view from the external surface of 
the orifice plate showing an orifice surface aperture 
which may be employed In the present invention. 

FIGs. 9A and 95 are reproductions of spray effects 
upon a printed medium and the improvement offered by 
the present invention. 

FIG. 10 Illustrates a technique of forming an orifice 
aperture which may be employed in the present inven- 
tion. 

FIG. 11 illustrates a technique of forming an orifice 
aperture which may be employed in the present inven- 
tion. 

FIG, 12 is a plan view from the extemal surface of 
the orifice plate illustrating the orifice surface aperture 
and orifice bore in relation to an ink firing chamber, as 
may be employed in the present invention. 

Detailed Description of a Preferred Embodiment 

A cross section of a conventional printhead is 
shown in FIG, 2. A thin film resistor 201 is created at the 
surface of a semiconductor substrate 203 and typically 
Is connected to electrical Inputs by way of a metal ization 
(not shown) on the surface of the semiconductor sub- 
strate 203. Additionally, various layers offering protec- 
tion from chemical and mechanical attack may be 
placed over the heater resistor 201 , but are not shown 
in FIG. 2 for clarity. A layer of barrier material 205 is se- 
lectively placed on the surface of the silicon substrate 
203 (or less thereon) thereby leaving an opening or ink 
firing chamber 207 around the heater resistor 201 so 
that ink may accumulate In the firing chamber prior to 
activation of heater resistor 201 and ejection of ink 
through an orifice 209. The barrier material for barrier 
layer 205 is conventionally Parad® available from E.I. 
DuPont De Nemours and Company or equivalent mate- 
rial. The orifice 209 is a hole in the orifice plate 107 ex- 
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tending from the inside surface o1 the orifice plate to the 
external surface of the orifice plate and which can be 
formed as part of the orifice plate as previously de- 
scribed. 

FIG. 3 is a top plan view of a conventional prrnthead 
(indicating the section A-A of FIG. 2), viewing orifice 209 
from the extemal surface 213 of the orifice plate 107. 
An ink feed channel 301 is present in the barrier layer 
205 to deliver ink to the Ink firing chamber from a iarger 
ink source (not shown). FIG. 4 illustrates the configura- 
tion of Ink in an ink droplet 401 at a time 22 microsec- 
onds after the ink has been expelled from the orifice 209. 
In conventional orifice plates, (in which circular orifice 
apertures are used) the ink droplet 401 maintains a long 
tail 403 which can be seen to extend back to at least the 
orifice 209 In the orifice plate 107. 

After the droplet 401 leaves the orifice plate and the 
bubble of vaporized ink which expelled the droplet col- 
lapses, capillary forces draw ink from the Ink source 
through the ink feed channel 301. In an underdamped 
system, ink rushes back into the firing chamber so rap- 
idly that Is overfills the firing chamber 207. thereby cre- 
ating a bulging meniscus. The meniscus then oscillates 
about its equilibrium position for several cycles before 
settling down. Extra ink in the bulging meniscus adds to 
the volume of an ink droplet should a droplet be expelled 
while the meniscus is bulging. A retracted meniscus re- 
duces the volume of the droplet should the droplet be 
expelled during this part of the cycle. Printhead design- 
ers have Improved and optimized the damping of the Ink 
refill and meniscus system by Increasing the fluid resist- 
ance of the ink refill channel. Typically this Improvement 
has been accomplished by lengthening the ink refill 
channel, decreasing the ink refill channel cross section, 
or by increasing the viscosity of the ink. Such an in- 
crease in ink refill fluid resistance often results in slower 
refill times and a reduced rate of droplet ejection and 
printing speed. 

A simplified analysis of the meniscus system Is one 
such as the mechanical model shown In FIG. 5, in which 
a mass 501 , equivalent to the mass of the expelled drop- 
let, is coupled to a fixed structure 503 by a spring 505 
having a spring constant, K, proportional to the recipro- 
cal of the effective radius of the orifice. The mass 501 
Is also coupled to the fixed structure 503 by a damping 
functk?n 507 which Is related to the channel fluid resist- 
ance and other ink channel characteristics. In the 
present configuration, the drop weight mass 501 is pro- 
portional to the diameter of the orifice. Thus, if one de- 
sires to control the characteristics and performance of 
the meniscus, one may adjust the damping factor of the 
damping function 507 by optimizing the ink channel or 
adjusting the spring constant of spring 505 In the me- 
chanical model. 

When the droplet 401 Is ejected from the oriftoe 
most of the mass of the droplet Is contained in the lead- 
ing head of the droplet 401 and the greatest velocity is 
found in this mass. The remaining tail 403 contains a 



minority of the mass of ink and has a distribution of ve- 
locity ranging from neariy the same as the ink droplet 
head at a location near the ink droplet head to a velocity 
less than the velocity of the ink found in the ink droplet 

5 head and located closest to the orifice aperture. At some 
time during the transit of the droplet, the ink In the tail is 
stretched to a point where the tail is broken off from the 
droplet. A portion of the ink remaining in the tall is pulled 
back to the printhead orifice plate 107 where rt typically 

10 forms puddles of ink surrounding the orifice. These ink 
puddles degrade the quality of the printed material by 
causing misdirection of subsequent ink droplets. Other 
parts of the in k droplet tail are absorbed into the ink drop- 
let head pmr to the ink droplet being deposited upon 

IS the medium. Finally, some of the ink found In the Ink 
droplet tail neither returns to the printhead nor remains 
with or Is absorbed in the ink droplet, but produces a fine 
spray of subdroplets spreading in a random direction. 
Some of this spray reaches the medium upon which 

20 printing is occurring thereby producing rough edges to 
the dots formed by the ink droplet and placing undesired 
spots on the medium which reduces the clarity of the 
desired printed material. Such an undesired result is 
shown In the magnified representation of printed dots in 

25 FIG. 6. 

It has been determined that the exit area of the or- 
ifice aperture 209 to the external environment defines 
the drop weight of the ink droplet expelled. It has further 
been determined that the restoring force of the menis- 

30 cus (constant K in the model) is determined in part by 
the proximity of the edges of the orifice aperture. Thus, 
to increase the stiffness of the meniscus, the sides and 
opening of the orifice bore hole should be made as close 
together as possible. This, of course, is in contradiction 

35 to the need to maintain a given drop weight for the drop- 
let (which is determined by the exit area of the orifice). 
A greater restoring force on the meniscus provided by 
the non-circular geometry causes the tail of the ink drop- 
let to be broken off sooner and closer to the orifice plate 

40 thereby resulting in a shorter ink droplet tail and signif- 
icantly reduced spray. 

Some non-circular orifices which may be utilized to 
reduce spray are elongated apertures having a major 
axis and a minor axis, in which the major axis is of a 
greater dimension than the minor axis and both axes 
are parallel to the outer surface of the orifice plate. Such 
elongate structures can be rectangles and parallelo- 
grams or ovals such as ellipses and parallel-sided "race- 
track" structures. Using the ink contained in a model 

so number HP51649A print cartridge (available from 
Hewlett-Packard Company) and orifice aperture areas 
equal to the area of the orifice aperture area used in the 
HP51649A cartridge, it was determined that ellipses 
having major axis to minor axis ratios of from 2 to 1 

ss through 5 to 1 demonstrated the desired meniscus stiff- 
enlrig and short tall ink droplet ejection. 

FIGS. 7A-7B are plan views of the orifice plate ex- 
ternal surface illustrating the various types of orifice bore 
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hole dimensions. FIG. 7A illustrates a circular orifice 
having a radius r at the outer dimension and a difference 
In radius between the outer dimension r and the opening 
to the firing chamber of value r2. In the HP51649A car- 
tridge. r= 17.5 micron and r2 = 45 microns. This yields 
an aperture area at the orifice plate outer surface (r^ • 
n) of 962 microns^. FIG. 7B illustrates an ellipsoidal ex- 
ternal orifice aperture geometry in which the major axis/ 
minor axis ratio equals 2 to 1 and, in order to maintain 
an equal droplet drop weight, the outer area of the orifice 
opening Is maintained at 962 microns^. Thus, from the 
fomiula for the area of the ellipse (A = n • a • b), the 
major and minor axes (a. b) of the ellipse are respec- 
tively 28.5 microns and 1 2.4 microns for the 2:1 ellipse. 

As suggested above, the major contributing factor 
to the better tail break-off and subsequent spray reduc- 
tion is the reduction of the size of the minor axis of the 
ellipse. Within the range of axis ratios of 2:1 to approx- 
imately 5:1, reduction of spray is observed. One draw- 
back, which was also noted above, Is that elliptic orifi 
surface openings have a corresponding larger opening 
at the interior surface of the orifice plate (at the ink firing 
chamber). These interior openings will overlap and in- 
terfere when the orifi are spaced closely together for im- 
proved print resolution. This interierence takes the form 
of Ink from one firing chamber being blown Into an ad- 
jacent firing chamber and other subtle but detrimental 
effects. 

In order to resolve the interference problem, the el- 
lipse has been distorted in the major axis direction, to 
create, in essence, a crescent or quarter moon shape. 
The minor axis dimension is preserved and the effective 
major axis is shortened with this crescent shape while 
the overall orifice aperture area remains constant. Ap- 
propriate spray reduction continues to be achieved us- 
ing a crescent orifice opening shape. The crescent 
shape, however, introduces a different problem into the 
quality of print realized with this form of printhead. The 
trajectory of the ink droplets leaving the orifice plate is 
not perpendicular to the orifice plate surface but is tilted 
away from perpendicularity toward the direction of the 
negative radius of curvature surface of the orifice aper- 
ture. 

To resolve the trajectory problem of the crescent or- 
ifice aperture shape, another shape which provides 
symmetry is created by overlaying two crescent shapes 
with the limbs of the crescent facing away from each 
other Such a shape is Illustrated in FIG. 8. This modified 
orifice aperture shape has been deemed a "hourglass" 
shape. In the preferred embodiment, the modified minor 
axis (b^) has been set at 26 ^m while the modified major 
axis (an) has been established at 69 jim. The edges 
which define the modified minor axis have a radius of 
curvature (r^) of approximately 47 iim. This unique ori- 
fice aperture shape preserves the narrow minor axis 
opening while reducing the necessary major axis dimen- 
sion required for the fixed orifice aperture area. The re- 
duced dimension major axis allows closer spacing of the 



orifi than could otherwise be realized with an ellipse of 
the same orifice aperture area. Further, the hourglass 
orifice aperfure shape provides a symmetry about both 
major and minor axes and overcomes the problem of 
s trajectory error of an ink droplet. The Improvement af- 
forded by the hourglass shaped orifice aperfure over a 
conventional circular opening can be appreciated by 
comparing FIG. 9B with FIG. 9A. The highly magnified 
letters of FIG. 9B show very few of the extraneous drop- 

10 lets which are seen in the print of FIG. 9 A. 

As previously described, the orifice plate Is conven- 
tionally formed by electroplating nickel or similar metal 
on a mandrel and then plating the orifice plate with 
chemically resistant materials such as gold. Previously, 

IS it has been known to utilize a non-conductive button in 
the shape of the desired end result: the circular orifice 
aperfure. In order to create an hourglass-shaped orifice 
opening, however, it was determined that a button hav- 
ing a shape much less complicated than an hourglass 

20 shape could be used. Since during electroplating the or- 
ifice plate base metal grows uniformly in each available 
direction from a conducting surface (including its own 
surface) details in the non-conducting button shape 
would be obscured by the growing base metal. Likewise, 

25 a detail in the button shape can be transformed into an 
entirely different shape as the base metal grows. Con- 
sider, again, FIG. 1 in which the base metal 107 grows 
over the top surface of the non-conducting insulating 
button 105. When viewed in the plan view, a detail in the 

30 outline of the button 107 can be obscured or trans- 
formed into other shapes as the base metal 107 grows 
over the insulating button 105 top surface. 

It has been found that an analysis technique utiliz- 
ing a family of circles having a diameter equal to the 

35 desired base metal growth can be placed in the same 
plane and tangential to the outside outline of the desired 
orifice shape. When the point on the circumference of 
the circle opposite the point of tangency and sharing the 
same diameter line is joined to each other similar point 

^ of the family of circles, the shape the non-conducting 
button must take is revealed. An alternative procedure 
uses arcs of radii drawn from all or a representative 
number of points on the outside outline of the starting 
shape. The end point of the radius of each arc (perpen- 

^ dicular to a line drawn tangent to the point of the starting 
outline) defines a point on the orifice shape which results 
after the plating process is complete. Reference to FIG. 
10 will aid in visualizing the technique using the family 
of circles. 

so In FIG. 10, the hourglass shape of the orifice aper- 
ture is Identified as 1001. A family of circles having a 
radius equal to the desired growth of base metal is rep- 
resented by circle 1003. The outline of the non-conduc- 
tive button is shown as 1 005. Each circle of the family 

55 of circles is made tangent to the hourglass orifice shape 
at a point along the edge of the hourglass shape. Taking 
the point directly across the diameter of each circle and 
joining those points yields the shape of the non-conduct- 
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ing button. When dealing with more complex orifice 
shapes, rt has been found that the shape of the non- 
conducting button does not have to be identical to the 
shape of the orifice. Observe that at the limbs of the 
hourglass shape 1001, the number of circles needed to 
define the shape diminishes. 

FIG. 11 illustrates the necessary construction cir- 
cles needed to create the orifice opening 1001. Joining 
the points on the circumference opposite the point of 
tangency yields the minimum button outline needed to 
produce the hourglass orifice opening desired. These 
outline configurations include arc 1101 and arc 1103 to 
produce the edges fomiing the terminals of the major 
axis and parabolic portbns 1105 and 1107 to produce 
the edges forming the terminals of the minor axes. As 
long as the remainder of the button outline does not 
come closer to the desired orifice shape than a circle 
diameter, the hourglass orifice shape produced by elec- 
troplating an orifice plate will be independent of the but- 
ton outline other than the identified arcs and parabolic 
sections. 

This outline independence is used in an embodi- 
ment of the invention to provide improved adhesion of 
the orifice plate to the barrier material and allows the 
firing chamber to be designed with a larger volume of 
ink. FIG. 12 illustrates the printhead which is obtained 
when the non-conducting mandrel button shape is par- 
tially Independent of the orifice surface hole shape. The 
orifice aperture 1001 and the button shape 1201 are 
shown in solid line for the sake of clarity although the 
orifice hole 1101 is located on the external surface of 
the orifice plate and the button shape is located on the 
Inner surface of the orifice plate. The bore of the orifice 
changes from the button shape 1201 to the hourglass 
shaped aperture 1001 as one views the orifice bore 
starting at the ink firing chamber and traverses to the 
opening at the surface of the orifice plate. In this em- 
bodiment, the configuration of the barrier layer material 
Is shown In broken line. An island of barrier material 
1 203 divides the ink inlet to the firing chamber 1 205 into 
two ink channels 1207 and 1209 and the remainder of 
the firing chamber 1 205 is defined by walls of barrier 
material 1211 . 1213, 1215, etc. Improved areas of con- 
tact between the barrier layer material and the orifice 
plate are realized in the zone around the barrier island 
1203 (and illustrated with further broken line represent- 
ing the hypothetical circular button outline). This im- 
proved contact area is a result of the squaring of the 
button shape in portions which would otherwise be cir- 
cular to better match the square implementation of the 
barrier material and provides a rectangular cross sec- 
tion at the substrate which does not vary even when a 
misalignment of the orifice plate occurs. Further, the 
square Implementatksn provides increased ink volume 
in the firing chamber. Thus, the present invention allows 
a closer spacing of orifi with reduced spray and im- 
proved ink droplet trajectory. 



Claims 

1. A printhead for an inkjet printer including orifi from 
which ink is expelled, comprising: 

5 

an ink ejector (201. 207); and 
an orifice plate (107) having at least one orifice 
extending through said orifice plate from a first 
suriace of said orifice plate opposite said Ink 
70 ejector to a second surface of said orifice plate 

essentially parallel said first surface, said ori- 
fice including an aperture (1 001 ) at said second 
'~ surface with a first lineal dimension (a^) parallel 
to said second surface and a second lineal di- 
fs mension (bj^) parallel to said second surface 

and perpendicular to said first lineal dimension, 
said first lineal dimension having a greater 
magnitude than said second lineal dimension, 
said aperture of said orifice at said second sur- 
^0 face further defined by at least first and second 

non-intersecting edges of said second surface 
being spaced apart at one point by a distance 
of said second dimension and spaced apart at 
all other points by a distance greater than said 
25 minimum of said second dimension.. 

2. A printhead in accordance with claim 1 wherein said 
orifice further comprises a second aperture (1201) 
at said first suriace having a geometric shape In- 

30 congruent and dissimilar from a geometric shape of 
said aperture at said second surface. 

3. A printhead in accordance with claim 1 wherein said 
ink ejector further comprises an ink ejection cham- 
ps ber (207) of a predetermined chamber shape cou- 
pled to said at least one orifice, said predetermined 
chamber shape having at least a first portion match- 
ing a portion of said predetennined chamber shape 
and at least a second portion matching a portion of 

40 said first aperture geometric shape. 

4. A method of operation of a printhead for an Inkjet 
printer which employs orifi from which ink is ex- 
pelled, comprising the steps of: 



45 

imparting a velocity to a mass of ink; and 
expelling said mass of ink from an orifice includ- 
ing an aperture at said second suriace with a 
first lineal dimensbn (a|^) parallel to said sec- 

so ond surface and a second lineal dimension (b^) 

parallel to said second surface and perpendic- 
ular to said first lineal dimension, said first lineal 
dimensk)n having a greater magnitude than 
said second lineal dimension, said aperture of 

ss sakj orifice at said second surface further de- 

fined by first and second non-intersecting edg- 
es of said second surface being spaced apart 
at one point by a distance of said second di- 
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mension and spaced apart at all other points by and said second geometrb shape being incongru- 

a distance greater than said minimum of said ent and dissimilar, 

second dimension. 



5. A method of operation of a printhead in accordance 5 
with claim 4 wherein said step of expelling said 
mass of ink further comprises the step of including 
a first aperture (1001 ) at said second surface having 
a first geometric shape and a second aperture 
(1 201 ) at said first surface having a second geomet- io 
ric shape, said first geometric shape and said sec- 
ond geometric shape being Incongruent and dis- 
similar. 



6. A method of manufacturing a printhead for an Inkjet is 
printer comprising the steps of: 

forming an orifice plate (1 07) with a first surface 
and a second surface essentially parallel to 
said first surface and at least one orifice extend- 20 
ing through said orifice plate from said first sur- 
face to a second surface, said orifice including 
an aperture at said second surface formed with 
a first lineal dimension (a^) parallel to said sec- 
ond surface and a second lineal dimension (b^) 
parallel to said second surface and perpendic- 
ular to said first lineal dimension, said first lineal 
dimension having a greater magnitude than 
said second lineal dimension, said aperture de- 
fined by at least first and second non-intersect- 30 
ing edges of said second surface being spaced 
apart at one point by a distance of said second 
dimension and spaced apart at all other points 
by a distance greater than said second dimen- 
sion; and 3S 
attaching an ink ejector (201 , 207) to said first 
surface of said orifice plate whereby ink is eject- 
ed from said aperture of said at least one ori- 
fice. 

40 

7. A method in accordance with the method of claim 6 
wherein said attaching step further comprises the 
step of forming an Ink ejection chamber (207) of a 
predetermined chamber shape coupled to said at 
least one orifice, said predetermined chamber 4S 
shape being formal into a shape having at least a 
first portion matching a portion of said chamber 
shape of said ink ejecting chamber and at least a 
second portion matching a portion of said first ap- 
erture first geometric shape. so 

8. A method of manufacturing a printhead for an inkjet 
printer in accordance with claim 6 wherein said step 
of forming an orifice plate further comprises the step 

of including a first aperture (1001) at said second ss 
surface having a first geometric shape and a sec- 
ond aperture (1201) at said first surface having a 
second geometric shape, said first geometric shape 
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